Abstract. Magnetic circular x-ray dichroism (MCXD) measurements in Fe 2p absorption have been done on SrFeO 3 , which shows a spiral anti-ferromagnetism, by using a 10-T superconducting magnet. Finite MCXD structures have been observed under magnetic field of 8 T even in the paramagnetic and anti-ferromagnetic states. The intensity of the MCXD structure at hν ~ 710 eV increases linearly as magnetic field increases linearly and the total magnetic moments estimated by MCXD sum rules roughly corresponds to the magnetization measured by SQUID measurements. MCXD study of paramagnetic and/or anti-ferromagnetic samples can be done by using a superconducting magnet that generates a strong magnetic field enough to induce finite magnetization.
INTRODUCTION
Magnetic circular x-ray dichroism (MCXD) in core-level soft x-ray absorption (XAS) is a powerful method to obtain information about the electronic states which are related with the magnetic properties of materials. With use of the magneto-optical sum rules, MCXD spectrum gives the orbital 1 and spin 2 magnetic moments on each atom that composes the measured magnetic compound. The intensity of MCXD structure is proportional to the amount of the total magnetic moment of the measured material. For ferromagnetic materials, only weak magnetic field is enough to measure MCXD since the remanent magnetization of the sample is sufficiently large. For paramagnetic or antiferromagnetic materials, very strong magnetic field is required to measure MCXD, since there is no remanent magnetization and large magnetization should be induced by applying strong magnetic field.
Since it is necessary to keep the pressure in the experimental chamber under ultra high vacuum in core-level soft x-ray absorption spectroscopy, it is usually difficult to apply magnetic field strong enough to induce magnetization in paramagnetic samples. Usual MCXD measurements in the soft x-ray region are operated by using a permanent magnet (~ 1 T) or a superconducting magnet (3 ~ 5 T). Therefore, measured samples have been mostly limited to ferromagnetic ones.
MCXD measurement system at the undulator beam line BL23SU of SPring-8 mainly consists of a sample chamber and a superconducting magnet which generates magnetic field up to 10 T parallel and anti-parallel to the propagation vector of the incident circularly polarized light. Therefore, this system is expected to enable us to measure MCXD spectra in the paramagnetic and even anti-ferromagnetic states. In this paper, we show the results of MCXD measurements of SrFeO 3 which shows a spiral anti-ferromagnetic transition at 134 K 3, 4 . Figure 1 shows cross-sectional views of the superconducting magnet system for MCXD measurements. The magnet is a solenoid coil, which produces fields of up to 10 T. Since the magnet coil is made of a NbTi wire, switching of the field direction can be easily made. This magnet chamber has a double-wall structure. The inner wall constitutes a liquid-He cryostat, which is used to incorporate the magnet. This liquid-He bath is cooled by a refrigerator in order to recondense liquid He. The outer wall works as a thermal shielding, which is also cooled down to 50 K by a refrigerator. The intermediate space between the two walls functions as an adiabatic vacuum. The horizontal bore duct is used as an experimental chamber, which permits access of the sample holder introduced through one end of the duct. Incident light is introduced from the other end of the duct. This structure permits measurements only in the Faraday configuration. Since the bore duct is separated from the liquid-He bath and the thermal shielding and a heater is put around the duct, this bore duct is enabled to be baked out at ~ 110 o C. Therefore, a pressure of < 1 x 10-8 Pa is not difficult to obtain. Temperature of the sample is controlled from room temperature to 10 K by using a liquid-He cryostat and a heater set inside the manipulator where the sample is mounted. 
INSTRUMENTATION

EXPERIMENTAL
Sintered polycrystalline samples of SrFeO 3 were synthesized by solid reaction 4 . MCXD measurements were made in the total-electron yield mode using circularly polarized synchrotron radiation from the undulator beam line BL23SU of SPring-8. The measurements were carried out at 150 K and 30 K which are above and below T N ~ 134 K 3, 4 . The base pressure of the chamber was 4 x 10 -7 Pa at room temperature. The sample surface was cleaned by in situ scraping before each measurement. A series of magnetic fields of ~ 0 T, 4 T and 8 T were applied to the sample using a 10-T superconducting magnet. The photon helicity was fixed and the magnetic field direction was reversed parallel and anti-parallel to it. The magnetization of SrFeO 3 was also measured by a SQUID magnetometer under the same experimental condition except for magnetic field up to 5 T. Here, µ + and µ -refer to the absorption coeffients for photon helicity parallel and anti-parallel to the Fe 3d majority spin direction, respectively. Each spectrum has been normalized to the Fe 2p 3/2 peak height of the XAS spectrum. The background curve corresponds to the transition from the Fe 2p core level to the continuum. As for the background curve, we have assumed a broadened step function, an arctangent function whose step height is set 2:1 for Fe 2p 3/2 (hν ~ 710 eV) and Fe 2p 1/2 (hν ~ 722 eV). MCXD structure of ~ 5 % has been observed around the Fe 2p 3/2 peak under magnetic field of 8 T even in the paramagnetic state and anti-ferromagnetic state. Finite MCXD structures are hardly observed under magnetic field of ~ 0 T. The intensity of the MCXD structures at hν ~ 710 eV increases linearly as the magnetic field increases, which corresponds to the paramagnetic and anti-ferromagnetic behavior of the material. The total magnetic moment of the Fe 3d states has been estimated applying the orbital and spin sum rules for the MCXD spectra 1,2,5 in Fig. 2 and are compared with the magnetization measured by a SQUID magnetometer in Fig.  3 . In estimating the spin and orbital moments, we used the Fe 3d electron number of 4.85 6 and the correction factor obtained by Teramura et al. 7 was also considered. The total magnetic moment estimated using the MCXD sum rules roughly corresponds to the magnetization measured by SQUID measurements. This means that our MCXD measurements reflects the magnetic properties of paramagnetic and anti-ferromagnetic states in SrFeO 3 . 
RESULTS AND DISCUSSIONS
CONCLUSION
Magnetic circular x-ray dichroism measurements in Fe 2p absorption have been done on SrFeO 3 , which shows a spiral anti-ferromagnetism, by using a 10-T superconducting magnet. Finite MCXD structures have been observed under magnetic field of 8 T even in the paramagnetic and anti-ferromagnetic states. The intensity of the MCXD structure at hν ~ 710 eV increases as the magnetic field increases, which corresponds to the behavior of magnetization. The total magnetic moments estimated by MCXD sum rules roughly corresponds to the magnetization measured by SQUID measurements. It is shown that MCXD structure can be observed even in the paramagnetic and anti-ferromagnetic phases by using the superconducting magnet which generates magnetic field high enough to induce magnetization.
